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Introduction

This document specifies the requirements for monitoring the emissions of nitrosamines from the
exhausts of post combustion carbon capture processes. It is specifically aimed at processes utilizing
amine-based solvents as the carbon capture medium.

1 Scope

This document specifies a manual extractive method for the measurement of volatile nitrosamines from
ducted gaseous streams.

It is primarily developed for the measurement of emissions from post combustion carbon capture
processes utilizing amine based solvent absorber solutions.

The method was tested at concentrations during laboratory trials of around 1 pg/m3 per species.
Concentrations encountered during field trials were mostly below the analytical limit of detection.
Monitoring durations specified in this document are therefore designed to maximise the sample volume
obtained.

This method is applicable to volatile nitrosamines with a vapour pressure higher than 0.002 kPa. It can
be used for nitrosamines with lower volatilities but may result in reduced capture efficiency. The
method assumes that the gas is saturated, with droplets, produced by entrainment and/or
condensation/coagulation. Sampling shall therefore be carried out isokinetically.

There is no reference method used to analyse liquid samples for nitrosamines. Either Gas or Liquid
chromatography is typically used, together with a spectrometric analytical method (such as Fourier-
Transform Infrared Spectroscopy, Mass Spectrometry, Thermal Energy Analysis andProton Transfer
Reaction Mass Spectrometry ).

2 Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies. For
undated references, the latest edition of the referenced document (including any amendments) applies.

BS EN 15259:2007, Air quality — Measurement of stationary source emissions — Requirements for
measurement sections and sites and for the measurement objective, plan and report

BS EN 13284-1:2017, Stationary source emissions — Determination of low range mass concentration of
dust.

BS EN ISO 16911-1:2013, Stationary source emissions — Manual and automatic determination of velocity
and volume flow rate in ducts.

3 Terms and definitions

For the purposes of this document, the following terms and definitions apply.

3.1

absorber
a device in which specific elements are absorbed into an absorption liquid.
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[SOURCE: EN 14385:2004, 3.1]

3.2

absorber efficiency
ratio of quantity of an individual nitrosamine collected in the first two absorbers divided by the
quantity of the individual nitrosamine in the first, second and third absorber.

[SOURCE: BS EN 14791:2017, 3.18]

3.3

capture efficiency
efficiency of the method to capture the total concentration of the targeted nitrosamine(s) within the flue
gas.

3.42
emission limit value
ELV

limit value given in regulations such as EU Directives, ordinances, administrative regulations, permits,
licences, authorisations, or consents.

Note 1 to entry: ELV can be stated as concentration limits expressed as half-hourly, hourly, and daily averaged
values, or mass flow limits expressed as hourly, daily, weekly, monthly or annually aggregated values.

[SOURCE: BSEN 15267-4:2017, 3.37]

3.35
field blank
test sample obtained according to the field blank procedure.

[SOURCE: BS EN 14791:2017, 3.29]

3.6
field blank procedure

procedure used to ensure that no significant contamination has occurred during all the steps of the
measurement.

Note 1 to entry: This includes for instance the equipment preparation in laboratory, its transport and installation
in the field as well as the subsequent analytical work in the laboratory.

[SOURCE: BS EN 14791:2017, 3.30]

3.7
field blank value

result of a measurement performed according to the field blank procedure at the plant site and in the
laboratory.

[SOURCE: BS EN 14791:2017, 3.31]

3.8
isokinetic sampling

sampling at a flow rate such that the velocity v, and direction of the gas entering the sampling nozzle
are the same as the velocity vq and direction of the gas in the duct at the measurement point.

[SOURCE: BS EN 13284-1:2017, 3.5]
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3.9
analytical limit of detection

lowest amount that the analytical laboratory can detect of the selected species.
3.10
measurement line

line in the measurement plane along which the measurement points are located, bounded by the inner
duct wall.

[SOURCE: BS EN 15259:2007, 3.15]

3.11
measurement plane
plane normal to the centreline of the duct at the sampling position

Note 1 to entry: Measurement plane is also known as sampling plane.

[SOURCE: BS EN 15259:2007, 3.13]

3.12
measurement point

position in the measurement plane at which the sample stream is extracted, or the measurement data
are obtained directly.

Note 1 to entry: Measurement point is also known as sampling point.

[SOURCE: BS EN 15259:2007, 3.16]

3.13
measurement port

opening in the waste gas duct along the measurement line, through which access to the waste gas is
gained.

Note 1 to entry: Measurement port is also known as sampling port or access port.

[SOURCE: BS EN 15259:2007, 3.18]

3.14
measurement method

method described in a written procedure containing all the means and procedures required to sample
and analyse, namely field of application, principle and/or reactions, definitions, equipment, procedures,
presentation of results, other requirements, and measurement report.

[SOURCE: BS EN 14793:2017, 3.4]

3.15
measuring system

set of one or more measuring instruments and often other devices, including any reagent and supply,
assembled and adapted to give information used to generate measured quantity values within specified
intervals for quantities of specified kinds.

[SOURCE: JCGM 200:2012, 3.2]
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3.16
measurement
set of operations having the object of determining a value of a quantity

Note 1 to entry: The operations can be performed automatically.

3.17
individual measurement
measurement carried out over a defined period of time.

Note 1 to entry: Information on the start and end time of the measurement can be of importance, e.g., in case of
parallel measurements of the reference method with an automated measuring system to be calibrated or
validated.

[BS EN 15259:2007, 3.2]

3.18
periodic measurement
determination of a measurand at specified time intervals

Note 1 to entry: The specified time intervals may be regular (e.g., once every month) or irregular. Measurands can
include the amount or physical property of an emission. Measurements are usually made using portable
equipment for typically less than 24 h.

[BSEN 15259:2007, 3.3]

3.19
grid measurement
determination of a measurand in a given grid of measurement points in the measurement plane

[BS EN 15259:2007, 3.4]

3.20
measurement series

successive measurements of the same measurand carried out at the same measurement plane and at
the same process operating conditions.

3.21
measurement site

place on the waste gas duct in the area of the measurement plane(s) consisting of structures and
technical equipment, for example working platforms, measurement ports, energy supply.

Note 1 to entry: Measurement site is also known as sampling site.

[SOURCE: BS EN 15259:2007, 3.11]

3.22
repeatability in the laboratory

closeness of the agreement between the results of successive measurements of the same measurand
carried out under the same conditions of measurement.

Note 1 to entry: Repeatability conditions include:
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e same measurement method;

e same laboratory;

e same measuring system, used under the same conditions;
e same location;

e repetition over a short period of time.

Note 2 to entry: Repeatability can be expressed quantitatively in terms of the dispersion characteristics of the
results.

Note 3 to entry: The repeatability is usually expressed as a value with a level of confidence of 95 %.

[SOURCE: BS EN 15058:2017, 3.26]

3.23
repeatability in the field

closeness of the agreement between the results of simultaneous measurements of the same measurand
carried out with two sets of equipment under the same conditions of measurement.

Note 1 to entry: These conditions include:
e same measurement method;

e two sets of equipment, the performances of which are fulfilling the requirements of the measurement method,
used under the same conditions;

e same location;
e implemented by the same laboratory;

e typically calculated on short periods of time in order to avoid the effect of changes of influence parameters
(e.g. 30 min).

Note 2 to entry: Repeatability can be expressed quantitatively in terms of the dispersion characteristics of the
results.

Note 3 to entry: The repeatability under field conditions is usually expressed as a value with a level of confidence
of 95 %.

[SOURCE: BS EN 15058:2017, 3.27]

3.24
uncertainty

parameter associated with the result of a measurement, that characterises the dispersion of the values
that could reasonably be attributed to the measurand.

[SOURCE: ISO/IEC Guide 98-3:2008, 2.2.3]

3.25

standard uncertainty

u

uncertainty of the result of a measurement expressed as a standard deviation.
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[SOURCE: ISO/IEC Guide 98-3:2008, 2.3.1]

3.26
combined standard uncertainty
Uc

standard uncertainty of the result of a measurement when that result is obtained from the values of a
number of other quantities, equal to the positive square root of a sum of terms, the terms being the
variances or covariances of these other quantities weighted according to how the measurement result
varies with changes in these quantities.

[SOURCE: ISO/IEC Guide 98-3:2008, 2.3.4]

3.27
expanded uncertainty
U

quantity defining an interval about the result of a measurement that may be expected to encompass a
large fraction of the distribution of values that could reasonably be attributed to the measurand.

U=kxu,

[SOURCE: ISO/IEC Guide 98-3:2008, 2.3.5]

Note 1 to entry: The expanded uncertainty is usually calculated with a coverage factor of k = 2, and with a level of
confidence of 95 %.

Note 2 to entry: The expression overall uncertainty is sometimes used to express the expanded uncertainty.

3.28
uncertainty budget

calculation table combining all the sources of uncertainty according to ENISO 14956 or
ISO/IEC Guide 98-3 in order to calculate the combined uncertainty of the method at a specified value.

[SOURCE: BS EN 15058:2017, 3.34]

3.29
maximum permissible expanded uncertainty

criterion specified for the measurement method to assess the expanded uncertainty associated to a
result of measurement.

4 Principle
4.1 General

This procedure describes a method for the manual extractive sampling of nitrosamines. The specific
components and requirements for the measurement system are described in sections 6 to 8. A number
of performance characteristics with associated performance criteria are specified for the measuring
system (see Table 2 and Table 3). Due to a lack of enough testing data above the limit of detection
during field trials there is no specification for the maximum permissible expanded uncertainty of the
method however an estimate of expanded uncertainty should be calculated using the performance
characteristics specified in Table 2 and Table 3.

10
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4.2 Measuring principle

A sample of flue gas is extracted isokinetically through a sample probe and line, before it is passed
through a series of absorbers housed in an ice bath. The absorbers are filled with 0.1M sulfamic acid
solution to inhibit sample degradation. The sample probe and sample line are heated to minimise
condensation, however as thermal degradation of amines is known to form breakdown products,
heating of the sample system is limited to 80 °C. Once the test is complete, the absorber solutions are
recovered along with washings of the complete system prior to the absorbers and sent for analysis.

Table 1 outlines the list of nitrosamines for analysis following this procedure.

The listed nitrosamines are ordered by vapour pressure. This method is suitable for the measurement
of nitrosamines with a vapour pressure of 0.002 kPa or above.

Nitrosamines with a lower vapour pressure may also be measured with this method however the
capture efficiency and sample recovery may be reduced.

Table-1: Proposed list of priority nitrosamines for analysis

Nitrosamine Acronym CAS VP1

- - # kPa

Nitrosodimethylamine NDMA 62-75-9 0.4
Nitrosomethylethylamine NMEA |10595-95-6 0.15
Nitrosodiethylamine NDEA 55-18-5 0.11
Nitrosopiperidine NPIP 100-75-4 0.012
Nitrosodipropylamine NDPA 621-64-7 0.011
Nitrosodiisobutylamine NDiBA | 997-95-5 0.010
Nitrosodibutylamine NDBA 924-16-3 0.006
Nitrosopyrrolidine NPYR 930-55-2 0.005
Nitrosomorpholine NMOR 59-89-2 0.005
Nitrosopiperazine NPZ 5632-47-3 0.002

Note 1 to entry: VP: vapour pressure at 20-25 °C
Note 2 to entry: other low volatile nitrosamines found in PCC emissions are not included.

5 Description of the measuring system
5.1 Reagents

5.1.1 General

During the analysis, use only reagents of recognized analytical grade.

Normal, accepted laboratory safety practices and cleaning procedures for glassware should be followed
during reagent preparation.

WARNING - Use the reagents in accordance with the appropriate health and safety regulations.

5.1.2 Sulfamic acid

Commercially available 99.5%, as solid crystals

11
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5.1.3 Water
High purity with conductivity o < 10uS/m
5.1.4 Absorption solution 0.1M Sulfamic Acid H3NSO3

The absorption solution is 0.1M sulfamic acid. The acid prevents the formation of nitrosamines in the
absorber from further breakdown of amines.

To prepare a solution of 0.1M sulfamic acid, dissolve 10g of 99.5% sulfamic acid crystals in 990 ml of
water (6.1.3). Store the solution in a brown glass bottle for no longer than a week.

5.1.5 Methanol

HPLC grade for washing down sampling equipment.

5.2 Sampling equipment
5.2.1 General

A known volume of stack gas is extracted representatively from a duct or chimney at a controlled flow
rate. The gas stream passes through the sample probe and connecting tubing and then through a series
of absorbers containing absorption solution.

All parts of the sampling equipment upstream of the first absorber shall not react with or adsorb
nitrosamines. Material used for the construction of sampling systems are typically borosilicate glass,
quartz glass, PTFE or titanium.

An example of a sampling system is shown in Figure 1.
5.2.2 Sampling nozzles

A set of sampling nozzles of various sizes to facilitate isokinetic sampling. Constructed of non-
reactive/adsorbing material and conforming to the requirements of EN 13284-1.

5.2.3 Sampling probe

A sample probe of sufficient length to reach all of the measurement points required for grid sampling.
Constructed of non-reactive/adsorbing material and with the facility to be heated to a controlled
temperature of 80°C.

5.2.4 Flow measurement device

To measure the stack gas velocity at all sampling points. Shall fulfil the performance requirements of BS
EN ISO 16911-1. To be used to determine the velocity profile of the duct prior to sampling and to be
mounted in the duct in such a way as to facilitate continuous measurement of the point velocity during
sampling. L-Type Pitot tubes or any other flow measurement device than can get blocked or its readings
affected by the presence of droplets shall not be used.

5.2.5 Stack temperature measurement

To measure the stack gas temperature at all sampling points. Shall fulfil the performance requirements
of BS EN ISO 16911-1. To be used to determine the temperature profile of the duct prior to sampling

12
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and to be mounted in the duct in such a way as to facilitate continuous measurement of the point
temperature during sampling.

5.2.6 Absorbers

For efficient absorption three absorbers shall be placed in series. They shall be of a design that
promotes efficient dispersion of the sample gas in the absorption solution and maximises the length of
the gas path through the solution. They should also be of sufficient capacity to handle isokinetic
sampling rates without excessive bubbling which can lead to transfer of solution from one absorber to
the next. An empty absorber bottle should be placed after the third absorber and before the drying
cartridge to prevent contamination of the drying medium.

Note 1 to entry: Borosilicate glass is a suitable construction material.
5.2.7 Drying cartridge

Filled with a suitable desiccant and mounted downstream of the absorber train to protect sample
pump/metering system.

Note 1 to entry: Silica gel (1mm - 3mm grain size) is a suitable desiccant.

Note 2 to entry: The drying cartridge can be a fifth absorber mounted in the iced water bath.

5.2.8 Iced water bath

The absorber train shall be contained in an iced water bath to promote efficient absorption. The exit
temperature of the absorber train shall be maintained at or below 20°C for the duration of the test.

5.2.9 Connecting tubing

Ideally the absorber train should be mounted directly behind the sample probe to minimize the length
of the gas path. In situations where this is not practical, a length of flexible tubing may be used. This
tubing shall be as short as possible, in order to minimise the residence time of the gas. Constructed of
non-reactive/adsorbing material, it shall be maintained at the same temperature as the sample probe.

Note 1: Silicone or rubber are not suitable materials as they are known to absorb nitrosamines.
5.2.10 Suction unit

A gas tight pump or similar, to draw the sample through the sample train. Shall conform to the
requirements of EN 13284-1 section 7.2.5

5.2.11 Gas metering system

A system to determine the sampled gas volume temperature, pressure, and sample rate.

Shall conform to the requirements of EN 13284-1 section 7.6.

13
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1 - Nozzle

2 - Sample probe
3 - Iced water bath
4 - Absorbers

5 - Check valve

6 - Main valve

7 - Pump

8 - Dry gas meter
9 - Orifice

10 -Manometer
11 - Pitot tube

Figure 1 - Example sampling system
6 Performance Characteristics
6.1 Performance characteristics and associated performance criteria
6.1.1 General

Table 2 and Table 3 specify the performance characteristics and the associated performance criteria of
the whole measurement method.

Note 1 to entry: The relevant performance characteristics and the associated performance criteria are deduced
from the validation experiments (see Annex A).

14
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The testing laboratory implementing the measurement method shall demonstrate that:

performance characteristics of the measurement method given in Table 2 meet the specified
performance criteria;

expanded uncertainty calculated by combining values of selected performance characteristics by
means of an uncertainty calculation for the actual site conditions does not exceed:

e a specified percentage of the daily emission limit value (ELV) or the lowest limit value specified
for the plant by the competent authorities, and
o afixed absolute value for low measured values.

The values of the selected performance characteristics shall be evaluated:

for sampling by means of laboratory tests and field tests;

for analysis by means of laboratory tests.

Table 2 — Performance characteristics of sampling to be determined in the laboratory (L) and in

the field (F) and associated performance criteria

Performance characteristic L F Performance criterion

Determination of the volume of the absorption X < 1,0 % of the volume of solution
solution

Gas volume meter:

— standard expanded uncertainty of sample Xa <5 % of the volume of gas sampling 2
volume P

— expanded uncertainty of temperature b Xa < 2,0 % of the absolute temperature 2
— expanded uncertainty of absolute pressure b Xa < 2,0 % of the absolute pressure @
Absorption efficiency ¢ X 295%

Leak in the sampling line X < 2,0 % of the nominal flow rate
Field blank value X <10,0 % of ELV

a  Performance criteria corresponding to the uncertainty of calibration.

b The uncertainty of the sampled volume is a combination of uncertainties due to calibration, drift (random drift, drift
between two calibrations) and resolution or reading.

The uncertainty of temperature and absolute pressure at the gas volume meter is a combination of uncertainties due to
calibration, drift (random drift, drift between two calibrations), resolution or reading, and standard deviation of the mean
when several values are used to get the result.

¢ This characteristic is a quality assurance check to quantify the absorption efficiency in the first absorber; but it does
not quantify a possible loss of absorption, and therefore it is not included in calculation of expanded uncertainty. The
absorber efficiency check becomes less effective as the concentration of the pollutant in a stack gas decreases. If the
emission concentration of all nitrosamine species is less than 305 of the emission limit value then the absorption
efficiency requirement does not need to be fulfilled.

6.1.2 Performance characteristics of analysis

6.1.2.1 Sources of uncertainty

The analytical laboratory shall identify the sources of uncertainty associated to analysis. The analytical
laboratory shall determine the values of the individual standard uncertainties and when combined
(root sum of squares) and expressed as an expanded uncertainty at a 95% confidence interval they shall
meet the requirements of Table 3. Main possible sources of uncertainty associated to analysis are:

15
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e performance characteristics of the analysis equipment;
e preparation of calibration standards: purity of stock standard solution, and ratio of dilutions;
e linearity of calibration curve depending on the extend of working range;

e measurement of volume of aliquot solution injected for analysis (ratio of the total absorption
solution volume and the volume of the aliquot taken for injection);

e ifadilution of the absorption solution is necessary before analysis: ratio of dilution;
e interferences;

e drift of retention time;

e repeatability.

Table 3 specifies the performance characteristics and performance criteria of analysis.

Table 3 — Performance characteristics of analysis to be determined in the laboratory and
associated performance criteria

Performance characteristic Performance criterion

Maximum permissible expanded <=20%
uncertainty of analysis for a level of
confidence of 95 %

6.2 Calculation of measurement uncertainty

The testing laboratory implementing the measurement method shall calculate the measurement
uncertainty for the actual field conditions. The measurement uncertainty calculated by the testing
laboratory shall be expressed as an expanded uncertainty.

Table 2 and Table 3 indicate which performance characteristics shall be included in the calculation of
the combined standard uncertainty.

The principle of calculation of the combined standard uncertainty is based on the law on propagation of
uncertainty laid down in ISO/IEC Guide 98-3 (GUM):

e determine the standard uncertainties attached to the performance characteristics to be included in
the uncertainty calculation according to ISO/IEC Guide 98-3;

e calculate the combined standard uncertainty by combining all the standard uncertainties according
to ISO/IEC Guide 98-3;

e values of standard uncertainty that are less than 5 % of the maximum standard uncertainty may be
neglected;

e calculate the combined standard uncertainty at the measured value, reported as a dry gas value at
actual concentration of oxygen;

e calculate the expanded uncertainty by multiplying the combined standard uncertainty with a

coverage factor for a level of confidence of 95 % and for the applicable number of degrees of
freedom.

16
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The calculation of measurement uncertainty can be based on an uncertainty budget.

Note 1 to entry: When the concentration of a measured component has to be expressed at an oxygen reference
concentration (e.g. 3 % or 11 %), the correction of oxygen can bring an additional uncertainty which could be
significant if the difference between the oxygen measured value and the oxygen reference value is large.

7 Planning
7.1 Measurement planning

Emission measurements at a plant shall be carried out such that the results are representative for the
emissions from this plant and comparable with results obtained for other comparable plants. Therefore,
measurements shall be planned and documented in a measurement plan in accordance with BS EN
15259.

Before carrying out any measurements, the purpose of the sampling and the sampling procedures shall
be discussed with the plant personnel concerned. The nature of the plant process, e.g. steady-state or
cyclic, can affect the sampling programme. If the process can be performed in a steady-state, it is
important that this is maintained during sampling.

Dates, starting times, duration of survey and sampling periods as well as plant operating conditions
during these periods shall be agreed with the plant management.

If no suitable location exists in the plant, and/or that measurements have been carried out during non-
steady-state conditions of the plant, which leads to an increase of the uncertainty of the measurements,
it shall be stated in the measurement report.

The responsibilities of the testing laboratory regarding the interface between sampling and analysis
and regarding the presentation of the results shall be specified in the measurement plan.

The responsibilities for either sampling or analysis or for both as well as the interface requirements
between these activities should be indicated in the measurement plan. This should address the
management activities of the team that is responsible for the whole measurement method and signs the
measurement report. The measurement plan should specify e.g. the necessary QA/QC procedures
including the sample handling with respect to sample transportation, sample storage and sample
stability in view of subsequent analysis in the analytical laboratory.

7.2 Sampling strategy
7.2.1 Sampling location

This procedure requires isokinetic sampling at multiple points across the measurement plane.
Therefore, consideration shall be made to selecting a suitable location that allows representative
sampling and which can be safely accessed and worked from.

7.2.2 Representative Sampling

Considering where the sampling location shall be located is important to achieve representative
sampling. Sample planes where the flue gases are well mixed and there is a homogenous flow are
usually well suited. These conditions are usually met when:

e The duct has a uniform shape and cross-sectional area.

e Inasection of straight duct that is greater than five hydraulic diameters upstream and two
hydraulic diameters downstream.

e Reasonably far away from any disturbances that could affect the flow.
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Whilst these parameters should ensure a suitable monitoring location, the following requirements shall
be met:

e The angle of the gas flow shall be <15¢ in relation to the duct axis.

e There should be no local negative flow.

e The ratio of the velocity, from highest to lowest, shall be no more than 3:1.

e The minimum velocity shall be measurable depending upon the technique used.

The measurement section shall be situated in a location where a suitable working platform and access
ports can be installed.

The number of measurement points required across the sampling plane shall be determined using the
procedure described in BS EN 15259 Annex D.

Sample duration shall be considered when carrying out representative sampling. Sufficient mass shall
be collected in order to achieve the analytical limit of detection. Sample duration should also take into
account process variation over time. In order to obtain a representative sample, the minimum sample
duration shall be 5 hours, unless the duration of process operation prohibits this.

7.2.3 Platform Work Area

The working platform shall be of a sufficient size and suitability to carry out sampling safely. Access to
the sample ports is required to allow installation of the probe and sample train, as well as suitable
clearance to avoid impediment from guardrails. Guidance for working platform requirements and
provisions is provided in BS EN 15259.

7.2.4 Safety & Work Environment

Safe access to and at the sampling location is required. Guidance for safety and environmental
conditions is provided in BS EN 15259.

7.3 Preparation

The reagents and glassware shall be prepared in a laboratory prior to carrying out a measurement
campaign. A suitable amount of reagent shall be prepared to complete the anticipated number of
measurements. The glassware and connections/parts prior shall be cleaned to a suitable standard
before it is used.

Clean the components using good laboratory practice. After clean rinse each component 3 times with
alternating solutions of 0.1M sulfamic acid and methanol. After drying, seal each component to avoid
contamination.

If the same set of glassware is to be used to carry out repeat tests it shall be thoroughly cleaned
beforehand.

All reagents shall be stored in brown glass bottles to protect them from sunlight.

8 Field operation

8.1 Pre-Sampling Flow Measurements

Prior to sampling carry out velocity and temperature measurements at the determined grid

measurements on the sampling plane. Check that the flue gas flow criteria defined in section 7.2.2 have
been met.

18



NPL Report 3244

8.2 Equipment Setup

8.2.1

8.2.2

8.2.3

8.2.4

8.2.5

Transport the equipment to the sampling location, making sure all parts are sealed to avoid
contamination. Depending on the location it may be advisable to prepare the absorbers
beforehand (see section 5.3).

Determine the waste gas characteristics specified in BS EN 13284 (Section 9.3) in order to
determine the appropriate nozzle for isokinetic sampling.

A sample probe with combined flow measurement capabilities shall be used so the isokinetic
flow rate can be determined at each sample point.

Mark the sample probe with the pre-determined grid measurement points if this has not been
done.

Connect the sample probe to the absorbers and then the glassware to the rest of the sampling

system. Assemble the flow measurement system ensuring it reads zero prior to use. It is advisable that
the connection between the sample probe and absorbers is as short as possible, in order to minimise
the residence time of the gas before reaching the absorbers.

8.3 Absorber Setup

8.3.1

8.3.2

8.3.3
8.4

8.4.1

8.4.2

9.4.4
8.5

8.5.1

Five absorbers are required. Pour 100g or 100ml of the 0.1M sulfamic acid solution into each of
the first three absorbers. The fourth absorber shall be left empty. The fifth absorber shall be
filled with approximately 200g of silica gel.

Weigh and record the values for each of the absorbers as well as the glass connections.

This method assumes the presence of droplets in the stack and saturated gas. The requirements
of EN 14790: 2017 shall be followed for the determination of water vapour content. Isokinetic
sampling of a gas containing droplets can lead to an over estimation of moisture content, in
which case the procedure for saturated gas outlined in EN 14790:2017 shall be followed.
However, it is good practice to determine the mass increase of the absorbers during sampling to
prove (or otherwise) that the gas has remained saturated for the duration of the test and that
there no leaks have developed during testing.

Assemble the absorber train and seal until it is ready to be incorporated into the sample system.
Pitot Tube Leak Check

Ensure the differential pressure readout device display reads zero and apply positive pressure
to the impact side of the Pitot tube (to at least as high a pressure as the differential pressure
expected during the measurement or to 50 % of the range of the differential pressure readout
device whichever is higher). Once sufficient pressure has been applied, ensure the system is
sealed and observe the displayed reading. The pressure reading should remain stable for fifteen
seconds.

The pressure should remain stable to within + 25 Pa (for at least 15 seconds). If the displayed
pressure reading drops check all connections in the assembly and repeat step 5.2.1.8.4.3
Repeat steps 5.2.1 to 5.2.2 for the static Pitot tube side by applying a negative pressure.

Record the outcome of the Pitot tube leak check on the appropriate field data sheet.
Sample System Leak Check
Seal the inlet of the sampling system using a suitably clean stopper and turn on the vacuum

pump. Open the control valve and gradually increase the flow until the vacuum pressure reaches
a level expected during the test.
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8.5.2

8.5.3

8.5.4

8.5.5
8.6

8.6.1

8.6.2

8.6.3

8.6.2

8.6.5

8.6.6

8.6.7

8.6.8

8.6.9

Once the sampling system has stabilised make a note of the dry gas meter reading and time the
leak rate over one minute. The flow rate during the leak test shall not exceed 2% of the expected
average flow.

Slowly release the stopper to release the vacuum in the sample system before shutting the
control valve off.

If the leak test fails, fix any leaks in the sampling system, and repeat steps 8.5.1 to 8.5.3 until
the leak test is passed.

Record the outcome of the sample system leak check on the appropriate field data sheet.
Sampling

Before testing can begin, ensure all parts of the sampling system where the sample gas is
exposed to sunlight are covered up. Sunlight can degrade the collected sample and therefore
care must be taken throughout the testing and recovery to avoid exposure.

Prepare the field data sheet and calculate the isokinetic sample rate. Record the dry gas meter
start volume and barometric pressure.

Carefully install the probe into the measurement port and move it to the first measurement
point making sure the nozzle is facing the direction of the incoming flue gas.

Wait until the flow measurements have stabilised and calculate the required sampling rate.
Make a note of the time, start the timer and the pump. Adjust the flow rate until the required
sampling rate has been achieved.

Record the flue gas flow rate (differential pressure), sample flow rate, stack temperature, dry
gas meter temperature, last absorber exit temperature and vacuum pump pressure.

Once the required amount of time has elapsed, move the sample probe to the next measurement
point and adjust the flow rate to maintain isokinetic sampling conditions. Record the same
parameters in step 8.6.5 in the field data sheet.

These parameters shall be recorded at each measurement point and at least every five minutes.

It is important to maintain isokinetic sampling conditions of between 95% and 115% during the
entire sampling duration.

Repeat steps 8.6.6 and 8.6.7 until all measurement points have been tested.

8.6.10 Turn off the sample pump and remove the probe from the stack.

8.6.11 Repeat the leak test in steps 8.5.1 to 8.5.3 at the highest vacuum pressure recorded during the

8.7

8.7.1
8.7.2
8.7.3
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test. The test is valid if a leak rate of 2% or less of the flow rate is achieved.
Sample Recovery

Disassemble the sample train and seal the absorbers taking care to not expose them to sunlight.
Pre-weigh two brown glass sample bottles and record their weight.

Thoroughly rinse the sample system up to the first absorber, i.e., the nozzle, probe and
connection to the absorbers, 3 times in the following sequence:

0.1M Sulfamic acid
Methanol
0.1M Sulfamic acid
Collect the washings in the first sample bottle.



8.7.4

8.7.5

9.7.6

8.7.7

8.7.8

8.7.9
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If the sample train is to be reused, perform an additional rinse as specified in 8.7.3. This rinsing
solution shall be collected and stored. It shall be analysed if the subsequent test exceeds the
emission limit value. Seal the ends of each rinsed component ready for the next test.

Begin the recovery of the absorbers by moving them to an area away from direct sunlight and
re-weigh each of the absorbers and connectors, record the results.

Empty out the contents of the first absorber into the first sample bottle. Thoroughly rinse out
the first absorber and associated glass connector with DI water three times and add the
resulting washings to the same bottle.

Empty out the contents of the second absorber into the first sample bottle. Thoroughly rinse out
the second absorber and associated glass connector with DI water three times and add the
resulting washings to the same bottle.

Empty out the contents of the third absorber into the second sample bottle. Thoroughly rinse
out the third absorber and associated glass connector with DI water three times and add the
resulting washings to the same bottle.

Rinse out the fourth empty absorber with DI water three times and add the resulting washings
to the second sample bottle.

8.7.10 Weigh and label each of the sample bottles. Record the volume and fill out a chain of custody

8.8

8.8.1
8.8.2
8.8.3

8.8.4
8.8.5

8.9

8.9.1
8.9.2
8.9.3
8.9.4
8.9.5

form.
Sample Handling & Storage

Samples shall be stored in amber glass bottles to protect them from sunlight.
The bottles must be stored in a fridge and kept below 6 °C.

The samples shall be despatched to the analysis laboratory within 14 days and stored at the
same conditions throughout shipment.

Samples shall be shipped with a chain of custody and the relevant material safety data sheet.

A temperature datalogger shall be sent with the samples to the analysis laboratory to provide
confirmation that the samples were stored below 6 °C during transit.

Field Blank

A blank shall be carried out at least once per sample location during a measurement campaign.
Setup the sampling system as described in steps 8.2, 8.3 and 8.5.

Do not put the sample probe in the stack.

Disassemble the system and recover the sample in accordance with step 8.7.

The blank shall be reported separately. If a measured result is less than the blank, the result
shall be reported as equal to or less than the blank.

8.10 Sample analysis

There is no standard method used to analyse liquid samples for nitrosamines. Either gas or liquid
chromatography is typically used, which may include a pre-treatment.
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9 Calculations and expression of results

The mass of each measured nitrosamine collected in the samples shall be reported. The final emission
concentration result for each species will be derived from the analysis of several samples (sample train
wash, absorbers 1&2, absorbers 3&4). Some of these samples may be below the analytical limit of
detection while others may yield positive results for the same species. Therefore, two sets of results for
each species for each test shall be reported. One set where all results below the limit of detection are
assumed to be zero, and a second set where all results below the limit of detection are assumed to be at
the limit of detection.

The sample gas volume shall be used to calculate the measured concentration.
9.1 Calculations

9.1.1 Determining Gas Volume at Standard Conditions

273 P
Voleorr = Volyeas T 1013
Where: VolgpmVolcorris the corrected gas volume at standard conditions

Volyeqs is the measured gas volume
T is the temperature of the gas meter in Kelvin
P is the pressure at the gas meter in kPa
9.1.2 Determining the Measured Concentration for each species
M
B VOlCorr

Where: C is the measured concentration of the nitrosamine

M is the mass of nitrosamine collected for this species

9.1.3 Determination of Absorption efficiency

The absorption efficiency shall be determined for each test for each nitrosamine compound. The
combined mass of analyte collected in the probe wash and Absorbers 1 & 2 is compared with the mass
collected in the whole sample train (including absorbers 3 & 4) and expressed as a percentage.

Efficiency = (M1/M)*100%
Where: Mj is the combined mass in the probe wash and Absorbers 1 & 2
M is the total mass collected in absorbers 1, 2, 3 & 4 plus the probe wash sample

9.2 Expression and assessment of results

The result of measurement shall be expressed with the corresponding expanded uncertainty for a level
of confidence of 95 %.

The field blank value shall be less than 10 % of the emission limit value (ELV). The field blank value
shall not be subtracted from the measured value. If the calculated measured value is less than the
previously determined field blank value, the result of measurement shall be reported as less or equal to
the field blank value. The field blank value shall be reported.
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10 Measurement report
The measurement report shall provide a comprehensive account of the measurements, a description of
the measurement objective and the measurement plan. It shall provide sufficient detail to enable the

results of measurement to be traced back through the calculations to the collected basic data and
process operating conditions.

The measurement report shall include the items specified in BS EN 15259 and at least the information
on the following items:

a) Information about the personnel involved in the measurement;

b) Description of the location of the measurement points in the measurement plane;

c) Changes in the plant operations during sampling;

d) Characteristics of the sampling equipment;

e) For each measurement; sampling date, time and duration as well as identification of samples;
f) Measurement results of each nitrosamine measured; sampling volumes, concentrations;

g) Blank values;

h) Absorption efficiency.

23



NPL Report 3244 NPLML — Commercial

Annex A
(informative)

Nitrosamine sample stability

A.1 Reference sample preparation
An investigation was carried out to determine the effect of holding times and transport /storage
temperatures on the stability of nitrosamine samples.

Two batches of nitrosamine samples were created. Each batch was made up of six samples, three
samples were stored/transported at ambient temperature and three samples were refrigerated (< 6°C)
for storage and transport.

Each batch was made using serial dilution of a single ampule of nitrosamine reference material (USEPA
Appendix 9) with 0.1M sulfamic acid. This produced a single reference solution that was subdivided
into 6 samples, each of approximately 100 ml.

One batch was despatched for immediate analysis. The second batch was stored for 10 days and then
despatched for analysis. The time between sample preparation and analysis was one week and three
weeks respectively.

A blank sample of 0.1M sulfamic acid was also submitted with each batch.
An additional, refrigerated sample was sent for analysis approximately four weeks after preparation.
Analysis was carried out at a European laboratory using GC-TEA mass spectrometry.

Nitrosamine concentrations for each batch are given in Table A.1

Table A.1 - Nitrosamine reference concentrations.

Nitrosamine species Abbreviation Reference concentration (pg/1)
Additional
refrigerated
Batch1 | Batch 2 sample
Nitrosodimethylamine NDMA 31 33 55
Nitroso-n-
methylethylamine NMEA 31 33 55
Nitrodiethylamine NDEA 31 33 55
Nitrosopyrrolidine NPYR 31 33 55
Nitrosomorpholine NMOR 31 33 55
Nitrosdi-n-propylamine NDPA 31 33 55
Nitrosopiperidine NPIP 31 33 55
Nitrosodi-n-butylamine NDBA 31 33 55
Nitrosodiphenylamine NDPhA 31 32 55
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A.2 Analysis results

Analysis results are given in Tables A.2 and A.3

Table A.2 - Results of laboratory analysis of reference samples.

Samples at ambient conditions (ug/1)
Analysis after 1 week Analysis after 3 weeks
Sample No. 01 02 03 04 05 06
NDMA 38 28 22 41 48 18
NMEA 38 28 21 40 46 17
NDEA 39 29 21 40 47 17
NDPA 39 29 21 51 46 18
NDBA 35 26 19 37 42 16
NPIP 39 29 21 40 47 18
NPYR 35 25 19 36 42 15
NMOR 37 27 20 38 44 16
Refrigerated samples (<6°C) (ug/l)
Analysis after 1 week Analysis after 3 weeks Analysis after 4
weeks
Sample No. 01 02 03 04 05 06 07
NDMA 20 19 17 20 21 22 17
NMEA 20 19 17 20 22 22 22
NDEA 20 19 18 21 23 22 25
NDPA 20 19 18 21 23 22 31
NDBA 18 17 16 18 20 19 32
NPIP 19 18 17 20 21 21 30
NPYR 16 15 14 16 17 18 26
NMOR 18 17 16 18 19 20 25
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Table A.3 - Analysis results expressed as a percentage of reference value.

Samples at ambient conditions (%)
Analysis after 1 week Analysis after 3 weeks
Sample 01 02 03 04 05 06
No.
NDMA 122 90 71 126 147 55
NMEA 122 90 68 123 141 52
NDEA 126 93 68 123 144 52
NDPA 125 93 67 155 140 55
NDBA 113 84 61 114 129 49
NPIP 126 93 68 123 144 55
NPYR 113 81 61 111 129 46
NMOR 119 87 64 117 135 49
Refrigerated samples (<6°C) (%)
Analysis after 1 week | Analysis after 3 weeks Analysis after 4
weeks
Sample | o1 | 02 | 03 | oa | 05 | o6 07
No.
NDMA 64 61 55 61 64 67 31
NMEA 64 61 55 61 68 68 40
NDEA 64 61 58 65 71 68 45
NDPA 64 61 58 64 70 67 56
NDBA 58 55 52 55 62 58 58
NPIP 61 58 55 61 65 65 55
NPYR 52 48 45 49 52 55 47
NMOR 58 55 51 55 58 61 45
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Annex B
(informative)

Validation of the measurement method in the laboratory.

B.1 Objective.

Experimental determination of the perfomance of the method for a known amount of nitrosamines
injected in a test bench.

B.2 Laboratory test series description.

Typical CCUS flue gas conditions were simulated in a test bench in which nitrosamines were injected
with a precision syringe in a gas stream with the following composition: N (79.0 £ 0.1 %), 02 (21.0
0.2 %), NOx (72.0 £ 0.7 ppm of NO and 7.0 = 0.1 ppm of NOz), CO (20.9 £ 0.7 ppm), SO (5.7 + 0.8 ppm),
and ~7.5% H0 which is a typical composition of CCUS flue gases.

The nitrosamines were injected with a precision syringe set at an approximate range of 0.05 mL per
minute, delivering a total of 3 mL of solution across the test duration (typically one hour). The solution
was a dilution of the reference standard material US EPA 8270. The remaining gas matrix was
introduced through gas cylinders and a water generator that introduced the water vapour. A measuring
system as described in section 5 was used to capture the target nitrosamines. A backup dry cartridge
(ThermoSorb) was used after the desiccant (silica gel) to detect any possible breakthrough of
nitrosamines.

Using the same blend of 8 nitrosamines a total of fifteen tests, (including blanks), were carried out at a
temperature of 80 °C (test bench and measuring system) and pressure (slightly above 101.3 kPa). Each
test duration was one hour, in which a nitrosamine mass of 6 to 7.4 ug (per species) was injected into
the test bench, this represented a concentration of approximately 6.8 ug/ms3 of each nitrosamine,
bubbled through the absorbers at a constant rate of 15 L/min.

All the samples were refrigerated immediately after sampling and were subsequently shipped together
with temperature loggers to the analytical laboratory. During transportation, the samples were kept
cold by being packed together with ice bags inside thermal insulation boxes (expanded polystyrene).
Upon arrival, the temperature conditions during transport were checked and verified. All samples were
analysed in a German Laboratory by Gas Chromatography coupled to a Thermo-Energy Analyser (GC-
TEA).
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B.3 Results of the laboratory tests.

Table B1 - % mass recovered in each absorber, probe wash (PW) and backup Thermosorb

cartridge (TC)
Nitrosamine  Absorber 1 Absorber 2 Absorber 3 PW TC
acronym Ave.% *20 Ave.% *20 Ave.% 20 Ave.% *20 Avee% *2o
NDMA 84 24 15.6 10.4 2.4 2.8 3.2 8.8 0.1 0.6
NMEA 84 24 20.1 14.8 3.2 4.2 2.6 7.6 0.3 1.0
NDEA 76 28 25.9 14.2 5.8 7.2 1.8 5.9 1.0 2.6
NPIP 84 24 12.6 8.2 1.5 2.0 5.1 13.2| LLD NA
NDPA 57 34 36.0 16.2 11.8 13.8 1.3 4.2 3.1 5.9
NDBA 30 30 33.3 10.6 17.5 12.8 0.8 2.8 7.3 14.2
NPYR 65 44 5.5 5.2 0.1 1.0 11.7 23.2| LLD NA
NMOR 67 50 6.0 5.6 0.2 1.2 12.5 27.6| LLD NA

As each test was performed with a slightly different total amount of nitrosamines (from 6.1 to 7.4 pg) results
in Table B1 are given in percentage of the recovered mass. These results correspond to the average and two
standard deviations (20) of eleven (11) tests performed under the same conditions expressed at a 95%
confidence interval. Values in Table B1 can be interpretated as the repeatability of each absorber of the
measuring system.

The capture efficiency was calculated for each nitrosamine species as follows
Recovery = (M/Mi)*100%
Where: M is the combined mass in the probe wash and Absorbers 1, 2, 3
Mi is the known injected mass
Note 1 to entry Any breakthrough to the Thermosorb cartridge has not been included in the calculation
of the total capture efficiency.
Results are shown in Table B2.

Table B2. Capture efficiency for each measured nitrosamine

Nitrosamine Recovery
acronym Ave. % +20
NDMA 105 28
NMEA 110 30
NDEA 110 28
NPIP 103 26
NDPA 106 26
NDBA 82 28
NPYR 83 48
NMOR 86 54

These results correspond to eleven (11) tests performed under the same conditions. Values in Table B2 can
be interpretated as the repeatability test for each one of the evaluated nitrosamine species. Repeatability
values are expressed at a 95% confidence interval.

The absorber efficiency check was also used to assess the performance of the method. This check
disregards the total amount of nitrosamines injected into the system or any breakthrough to the back-
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up Thermosorb cartridge, and instead calculates the % absorber efficiency on the total amount
collected in the absorbers. Table B.3 summarises these results.

Table B3. Absorber efficiency checks.

Average absorber
Nitrosamine efficiency check across
11 tests
acronym Ave. %
NDMA 98
NMEA 97
NDEA 95
NPIP 98
NDPA 89
NDBA 77
NPYR 99.8
NMOR 99.8
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Annex C
(informative)

Results of field trials

C.1 General

Field trials of the method were carried out at a carbon capture plant. The process feeding the plant
was a gas fired gas turbine combined heat and power unit. The plant utilized a monoethanolamine
(MEA) based solvent solution for carbon capture.

Typical flue gas characteristics are given in Table C.1

Table C.1 - Typical flue gas characteristics during field trials

Temperature 0: CO; NOx SO, co H,0
9] (Vol %) (Vol %) (mg/m3) | (mg/m3) | (mg/md) (Vol %)
40 - 45 12 -13.5 0.1-0.2 20 - 30 <1 30 - 60 7-9

Triplicate sampling was carried out using the method. In addition to the sample train setup specified in
the method, a sidestream sample was extracted after the last absorber and passed through a
Thermosorb cartridge. The cartridge was analysed for nitrosamines to determine whether any analyte
breakthrough had occurred beyond the final absorber.

Sampling was carried out isokinetically over a period of 5 hours 20 minutes per test. 6 to 7 Nm3 of flue
gas was extracted for each test.

Sample analysis was carried out at a European laboratory using GC-TEA mass spectrometry.

Due to a large number of results below the limit of detection the field repeatability of the method could
not calculated.

C.2 Field trial results

Test results are given in Table C.2

Mass concentrations are reported at 273.15K, 101.3kPa, 15% oxygen, dry gas
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Absorb.e r Breakthrough
Test 1 Blank Sample abs.o I:ptlon concentration
pg/Nms pg/Nms efficiency
% ug/Nm3
N-Nitrosodimethylamine <0.021 0.032 62 0.010
N-Nitrosoethylmethylamine <0.021 <0.021 N/A <0.005
N-Nitrosodiethylamine <0.021 <0.021 N/A <0.005
N-Nitrosodiisopropylamine <0.021 <0.021 N/A <0.005
N-Nitrosodipropylamine <0.021 <0.021 N/A <0.005
N-Nitrosodiisobutylamine <0.021 <0.021 N/A <0.005
N-Nitrosobutylamine <0.021 <0.021 N/A <0.005
N-Nitrosopiperidine <0.021 <0.021 N/A <0.005
N-Nitrosopyrrolidine <0.021 <0.021 N/A <0.005
N-Nitrosomorpholine <0.021 0.025 46 0.005
Absorb_e r Breakthrough
Test 2 Blank Sample abs_o I:ptlon concentration
pg/Nms3 pg/Nms3 efficiency
% ug/Nm3
N-Nitrosodimethylamine <0.021 0.044 70 0.025
N-Nitrosoethylmethylamine <0.021 <0.021 N/A <0.007
N-Nitrosodiethylamine <0.021 <0.021 N/A <0.007
N-Nitrosodiisopropylamine <0.021 <0.021 N/A <0.007
N-Nitrosodipropylamine <0.021 <0.021 N/A <0.007
N-Nitrosodiisobutylamine <0.021 <0.021 N/A <0.007
N-Nitrosobutylamine <0.021 <0.021 N/A <0.007
N-Nitrosopiperidine <0.021 <0.021 N/A <0.007
N-Nitrosopyrrolidine <0.021 <0.021 N/A <0.007
N-Nitrosomorpholine <0.021 0.025 45 <0.007
Absorb.e r Breakthrough
Test 3 B}?\II:; Sanll\lpleB abf;.o I:ptlon concentration
ng ng/Nm e lf’l/:ncy ng/Nm3
N-Nitrosodimethylamine <0.021 0.082 61 0.116
N-Nitrosoethylmethylamine <0.021 <0.024 N/A <0.006
N-Nitrosodiethylamine <0.021 <0.024 N/A <0.006
N-Nitrosodiisopropylamine <0.021 <0.024 N/A <0.006
N-Nitrosodipropylamine <0.021 <0.024 N/A 0.116
N-Nitrosodiisobutylamine <0.021 <0.024 N/A <0.006
N-Nitrosobutylamine <0.021 <0.024 N/A <0.006
N-Nitrosopiperidine <0.021 <0.024 N/A <0.006
N-Nitrosopyrrolidine <0.021 <0.024 N/A <0.006
N-Nitrosomorpholine <0.021 0.025 43 <0.006
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